Introduction
Powdery mildew (PM) resistance differs among and within Vitis species . While most European V. vinifera cultivars are susceptible to the PM fungus Erysiphe necator, North American species such as V.
3
rupestris, V. riparia, V. aestivalis, V. cinerea and V. rotundi- folia are generally considered to be resistant (Alleweldt et al. 1991; Pearson 1988) . The nature of PM resistance in V. rupestris or susceptibility in 'Chardonnay' are not completely understood, but early studies of the inheritance of PM resistance in V. rupestris suggested that the trait was controlled by a polygenic system (Boubals 1961) , while a recent study of the mechanism of resistance classified one V. rupestris genotype as having partial resistance with a low incidence of programmed cell death (PCD) (Feechan et al. 2010) .
Dominant single loci and quantitative trait loci (QTL) may control different mechanisms of plant-pathogen interactions. In grapevine PM, dominant single locus resistance is typically thought to be related to a gene-for-gene interaction (Jones and Dangl 2006; Feechan et al. 2010; Coleman et al. 2009 ). In most cases, this type of resistance confers complete protection against specific races of the pathogen but also induces strong selective pressure over pathogen populations, which could potentially overcome resistance, as has been observed in grapevines Peressotti et al. 2010) . However, quantitative resistance is described as less likely to be overcome as it is due to the cumulative effect of several loci that might play a role at different stages of the plant immune response (Poland et al. 2009 ). For a vineyard that is expected to be productive for 15-20 years, durable resistance is desired.
Wild species harbor an assortment of undesirable flavors and viticultural traits, and thus introgression of PM resistance alleles is usually accompanied by off-flavors and traits that are not desired by consumers and growers. Moreover, the genetic nature of the resistance mechanism adds complexity, as quantitative traits may require introgression of several minor loci to reach the desired level of resistance. Marker assisted selection (MAS) helps to overcome these constraints. Molecular markers can be used to select resistant genotypes, avoid susceptibility alleles, combine traits, reduce linkage drag and stack several loci, while markers distributed along the genome may help to recover the cultivated background (Dalbó et al. 2001; Eibach et al. 2007; Mahanil et al. 2011; Di Gaspero and Cattonaro 2009) . However, as more traits are tracked and combined, greater marker resolution and accuracy are needed to identify desirable recombination events.
The relevance of molecular markers to grapevine genetics has driven the development of a common set of markers and genetic maps (Riaz et al. 2004; Adam-Blondon et al. 2004; Doligez et al. 2006) . Nowadays, the International Grape Genome Program refers to an integrated map containing more than 400 SSR markers (http://www.vitaceae. org/index.php/Maps_and_Markers) in addition to a dense genetic linkage map anchored to the 'Pinot noir' genome with 1,006 markers ). Physical maps have also been developed, such as the V. vinifera grapevine reference genome for a nearly homozygous selection, PN40024 (Jaillon et al. 2007) , 'Cabernet Sauvignon' (Moroldo et al. 2008) and 'Pinot noir' ). Nextgeneration sequencing (NGS) has been employed recently for the construction of a genetic map with 1,643 SNPs derived from a cross of Z180 (V. monticola × V.riparia) and Beihong (V. vinifera × V. amurensis) (Wang et al. 2012) and to develop a SNP chip with an array of nearly 9,000 SNPs based on the sequence of 10 cultivated V. vinifera varieties and 7 wild species (Myles et al. 2010 . This genotyping microarray has been used successfully to identify V. vinifera markers flanking the introgressed PM resistance locus Ren4 .
Whole genome sequencing and NGS have boosted genomic research in several plant species (Deulvot et al. 2010; Poland et al. 2012; Xie et al. 2010; Morrell et al. 2012) . Single nucleotide polymorphism (SNP) markers can be identified from short reads generated by NGS, either by aligning to a reference genome or by de novo assembly (Nielsen et al. 2011) . The adoption of techniques, such as reduced representation libraries (RRLs) to lower genome complexity (Van Tassell et al. 2008; Wiedmann et al. 2008; Barbazuk et al. 2005) , and barcoded adapters to allow pooling hundreds of samples in a single sequencing lane has significantly reduced the cost per marker and per sample (Elshire et al. 2011) .
Nowadays, genotyping-by-sequencing (GBS) provides a simple and robust procedure for simultaneous SNP discovery and genotyping through pooled barcoded RRLs, Illumina sequencing and SNP calling based on alignment of short reads. As a result, thousands of markers with low coverage are obtained (Elshire et al. 2011) , which should be sufficient to infer linkage in biparental populations and for QTL mapping (Davey et al. 2011) . Due to its speed, low cost, and reduced ascertainment bias, GBS is a good strategy for simultaneous discovery and assay of SNPs suitable for rapid development of dense maps in segregating populations.
In this study, we present the discovery of a dense set of SNPs using the GBS procedure with an F 1 grapevine family. SNPs were positioned in the 12× V. vinifera 'PN40024' reference genome (Jaillon et al. 2007 ) and tested for association with PM severity. Linkage maps were constructed using a subset of SNPs. QTL interval mapping confirmed the discovery of a susceptibility QTL from 'Chardonnay'.
Materials and methods

Plant material
Seeds from the cross of V. rupestris B38 (resistant) with V. vinifera 'Chardonnay' (susceptible) were obtained in 2008, then stratified, germinated in a greenhouse, and planted to a field nursery (Geneva, NY, USA) 0.46 m apart within rows and 1.52 m between rows in 2009. At the end of the growing season, vines were pruned and stored at 4 °C in the dark over the winter. All 85 vines were planted 1.2 m apart within a single vineyard row in Geneva. A control block was placed at the head of the row with: V. vinifera 'Chardonnay', V. hybrid 'Chancellor' (Seibel 5163 × Seibel 880), V. rupestris B38, V. hybrid 'Horizon' ('Seyval' × 'Schuyler') and the PM resistant selection, NY88.0514.04. A susceptible control ('Chardonnay') was placed after every 15 seedling vines. Downy mildew was controlled in 2010 and 2011 using the fungicide Captan 80WPG, which is not registered for control of PM, and does not provide commercially acceptable PM control in the field.
Quantification of powdery mildew severity
Powdery mildew infection was evaluated on parents and progeny by visual evaluation of field-grown vines over 3 years. Disease was allowed to progress naturally, and foliage of each vine was evaluated as follows: in 2009 a visual scale from 0 to 3 was used near the end of the growing season (0: absent, 1: less than 5 small spots, 2: five to twenty spots, growing, 3: widespread, dense sporulation); In 2010, on August 9, August 20, August 30, September 7, and September 20 using the IPGRI scale established by the Organisation Internationale de la Vigne et du Vin (IPGRI et al. 1997) ; and in 2011 on July 7 and August 18, again using the IPGRI scale.
DNA extraction, library preparation, and sequencing DNA was extracted from two unexpanded leaves (less than 1 cm 2 ) from each parent and progeny vine using either the DNeasy ® 96 Plant Kit (Qiagen) or the DNeasy ® Plant Mini Kit (Qiagen) and quantified using Quant-iT™ PicoGreen ® dsDNA Kit (Invitrogen). Whole genome amplification was performed using 10 ng of DNA and the Illustra™ GenomiPhi™ V2 DNA Amplification Kit (GE Healthcare). Amplified DNA (1.0 μg) was plated and dried using a vacuum centrifuge.
Dried DNA was resuspended and digested at 75 °C for 2 h using a 10 μl mix containing 4 units of ApeKI restriction endonuclease (New England Biolabs, Ipswich, MA, USA) and 1 μl of 10× NEBuffer 3, then cooled on ice. Fortyeight unique barcode adapters were used to track individual DNA samples (Elshire et al. 2011) . Dried barcode adapters were resuspended by pipeting 40 μl of a ligation mix containing 4 units of T4 DNA Ligase (Promega) in 2× rapid ligation buffer (Promega). Resuspended barcode adapters were mixed with cooled digested DNA. Ligation was performed at room temperature for 60 min, followed by incubation at 65 °C for 30 min to inactivate the enzyme and then cooling on ice until to the next step. Ligation products were purified using 90 μl of Agencourt AMPure (Beckman Coulter) beads per the manufacturer's instructions and eluted in 35 μl of EB Buffer (Qiagen). PCR was performed by adding the following to 10 μl of the eluted ligation product: 22.5 μl of water, 2 μl of dNTPs (10 mM), 5 μl of Primer mix (5′ AATGATACGGCGACCACCGAGATCAC TCTTTCCCTACACGACGCTCTTCCGATCT 3′ and 5′ AAGCAGAAGACGGCATACGAGATCGGTCTCGGCAT TCCTGCTGAACCGCTCTTCCGATCT 3′, 5 μM each), 10 μl of 5× buffer and 0.5 μl of Phusion DNA polymerase (Finnzymes). Amplifications were performed by initial denaturation at 98 °C for 30 s; 18 cycles of 10 s at 98 °C, 30 s at 65 °C and 30 s at 72 °C; and a final step of 72 °C for 5 min. PCR products were purified using Agencourt AMPure beads and EB Buffer as described above. The result was a sequencing library for each DNA sample, which were individually quantified using Quant-iT™ PicoGreen ® dsDNA Kit (Invitrogen). Libraries with concentrations lower than 10 ng/μl were repeated either from re-extracted DNA or by repeating the PCR step in triplicate and pooling 3 PCR products during the last AMPure elution step. For 20 arbitrarily selected libraries across the range of concentrations, size distribution and proportion of adapter dimers were quality checked using an Experion™ Automated Electrophoresis System (Bio-Rad).
The barcoded libraries were normalized and two pools of up to 48 samples were prepared with a final concentration of 0.5 ng/μl each. Each pool was sequenced on a single flow cell lane using Illumina instruments at the Cornell University Life Sciences Core Laboratories Center: the first pool on an Illumina Genome Analyzer III (GA3) and the second on an Illumina HiSeq 2000. In both cases, single end sequencing was performed with a read length of 100 bp.
SNP calling, localization and distribution on the reference genome
The raw sequence data were processed into SNP genotype files in HapMap format using the TASSEL 3.0 GBS pipeline (Glaubitz et al. 2012) . First, all of the 100 bp reads that contained a known barcode along with the expected ApeKI cut site remnant were converted into 64 base sequence tags (where, barring sequencing errors, each tag represented an allele) by trimming off the barcode along with excess 3′ nucleotides. Reads containing N's within the first 64 bases after the barcode were rejected. Reads that contained either the beginning of the common (non-barcoded) adapter (from short restriction fragments) or a full ApeKI site (from incomplete digest or chimera formation) within the first 64 bases after the barcode were truncated accordingly. A master tag list was constructed comprising all tags that were observed at least 10 times across all of the samples. These tags were then aligned to the 12× V. vinifera 'PN40024' reference genome (Jaillon et al. 2007 ) using a Burrows-Wheeler Aligner (BWA) (Li and Durbin 2009 ) with default parameters. Tags located at the same, unique position on the grapevine reference genome and containing no more than two SNPs relative to the reference were then aligned against each other, which, along with information from the barcodes indicating which samples each tag was observed in, allowed SNP genotypes to be called. SNPs were output only if 40 % or more of the samples were covered by at least one of the tags at the corresponding locus and if the minor allele frequency (MAF) was at least 0.1. Indel polymorphisms were ignored as were any additional rare alleles beyond the major and minor alleles. Subsequently, additional filtering was applied so that only SNPs with a MAF between 0.15 and 0.35 were retained, according to the expected MAF of 0.25 for markers in an AB:AA configuration in the parents.
Marker density and single marker association analyses
More stringent filters were used for the marker density and trait association analyses. Only sites with less than 20 % missing data were retained. Out of the remaining genotypes, there were 4 % for which only the minor allele was sequenced; these were imputed as heterozygotes. The SNPs were then further filtered to retain only SNPs with MAF 0.25 ± 0.05. These filters and minimal imputation resulted in a data set consisting of 16,833 SNPs (17K SNP set). Pearson's correlation (r) was used to determine correspondence between the number of SNPs per chromosome and its physical size. A bin analysis was used to estimate SNP density across the V. vinifera 'PN40024' reference genome, by counting the number of SNPs in contiguous windows of 500 kb.
To find associations of single SNPs with PM severity, a general linear model (GLM) was used (TASSEL 3.0, Bradbury et al. 2007 ). The false discovery rate was controlled according to the Benjamini-Hochberg procedure implemented in the multtest package in R (Pollard et al. 2004) . For site by all linkage disequilibrium (LD) analysis, markers were assigned to either 'Chardonnay' (9,187 SNPs) or V. rupestris B38 (6,213 SNPs) according to the sequence information of the parents for a given site. Markers with missing data in both parents were not considered in this analysis (1,433 SNPs). Linkage disequilibrium (D′) between individual markers and parental SNPs was determined using the "site by all" option in TASSEL 4.1.18.
Linkage maps
To construct linkage maps with JoinMap 4.1 (Van Ooijen 2006) , the 17K SNP set was filtered down to 2,543 SNPs, a number below the 3,000 marker threshold of the current version of the software. Prior to the filtering process, four individuals (43, 68, 69 and 71) were discarded due to their high proportion of missing data. Filtering was based on parental information, physical distance, physical location, LD and missing data. First, we selected markers based on parental information: markers that were homozygous, had missing data or were heterozygous in both parents were discarded, as well as markers located on non-aligned chromosomes, obtaining a set of 5,592 and 7,197 markers for V. rupestris B38 and 'Chardonnay'. We further discarded markers located within 64 bp of each other, obtaining two parental SNP sets of 3,502 and 4,631 markers for V. rupestris B38 and 'Chardonnay', respectively. These parental SNP sets were used for whole genome LD analysis in TASSEL 4.1.18; markers that were not in LD with their physical chromosome (378 and 1,003) were discarded. Finally, we filtered out markers that were positively correlated within 500 bp and sites with more than 10 % missing data. Significant hits from the single marker association test were included, as well as markers located in the random portion of chromosome 7. We obtained a set of 1,222 and 1,321 markers for the V. rupestris B38 and 'Chardonnay' maps, respectively.
Linkage groups (LG) were determined by JoinMap 4.1 using a minimum LOD score of 6.0, and numbered according the physical chromosome numbers. While 'Chardonnay' SNPs resulted in 19 LG, V. rupestris B38 SNPs were clustered in 20 LG. Maps and the order of markers were generated using the regression mapping algorithm with the Haldane function and default parameters. Two LG with SNPs from both ends of chromosome 1 were joined after each map was ordered and oriented.
Maps resulting from JoinMap were further analyzed by R/QTL software (Broman et al. 2003 ) using a 4 way cross format with missing information. First, we analyzed the number of crossovers per individuals as a function of missing data to identify possible outliers (Supplementary material S1). Individuals 2, 36, 45, 50, 55, 62, 66, 70, 74 , and 76 were discarded due to higher proportion of crossing over, which may indicate pollen contamination or sample mix-up during DNA manipulation stages. Genotyping errors were identified by visual inspection of plot.geno maps according to Ward et al. (2013) , and replaced with missing data. Distances were recalculated by est.map using Kosambi function. Problematic markers were determined with the droponemarker command; a few markers with higher LOD scores, that increased the map size and whose genetic and physical positions were in conflict were removed. Finally, distances were recalculated using the est.map function as described above.
QTL analysis
Quantitative trait loci mapping was performed with the one-dimension scan function, scanone, of R/QTL software using a normal model, Haley-Knott regression method and default parameters. Multipoint genotype probabilities were calculated beforehand using calc.genoprob with step = 1 and default parameters. LOD significance scores were determined by permutation tests (10,000). Position was refined using the refineqtl function, and the presence of supplementary QTLs was corroborated with the addqtl command.
Results
Field evaluation of PM severity
Disease progression varied from year to year. In 2009, the population mean score was 2.1 (of 3 max) on October 8. In 2010, disease progression was evaluated 5 times with the IPGRI scale (1-9); with population mean scores of 4.7 on August 9, 6.7 on August 20, 7.8 on August 30 and September 7, and 7.6 on September 20. In 2011 the disease progressed earlier, with population disease severity mean scores of 3.7 on July 12 and 8.0 on August 18 (Fig. 1) .
Genotyping: Sequencing, SNP calling and SNP selection Averages of 712,400 reads per vine (n = 46) and 2,787,000 reads per vine (n = 42) were obtained per sequencing batch, for the Illumina GA3 and HiSeq machines, respectively. The distribution of the number of reads obtained per vine sample is shown in Fig. 2 . The TASSEL SNP call containing 42,172 SNPs had a correlation (r) of 0.9 between SNPs per chromosome and chromosome physical size in bp. Further filtering and minimal imputation lead to a less redundant set of 16,833 SNPs (17K SNP set) with r = 0.82 (Table 1) .
Distribution and density of 17K SNP set on the grapevine reference genome The 17K SNP set showed similar marker densities among chromosomes, ranging from a mean value of one SNP every 36 kb on chromosome 4 to one SNP every 21 kb on chromosome 8. To identify local increases or decreases in marker density, the V. vinifera 'PN40024' reference genome was divided into 863 bins of 500 kb and the number of SNPs within each bin was determined.
Within chromosomes, SNP density varied. While 606 (70 %) of the 500 kb bins had a moderate number (10-50) of SNPs, there were 240 bins (28 %) with fewer than 10 SNPs, 7 bins with zero SNPs and 10 bins with a SNP density from 51 to 106 (Fig. 3) . The 17K SNP set had a mean value of 18 SNPs per 500 kb bin.
Single marker association test and LD analysis
Among all dates scored, 22 markers were significantly associated with PM severity at α = 0.05 after multiple test correction. The strongest association was found between SNP S8_19258484 from 'Chardonnay' and PM severity evaluated on August 18, 2011, with a corrected p value (Table 2) . A subset of 10 alleles from 'Chardonnay' all led to increased PM severity, with estimated effects between 1.39 and 1.58. One minor allele from 'Chardonnay' in repulsion with the other 10 significant minor alleles (Supplementary material S2) reduced PM severity with an estimated effect of −1.43. V. rupestris B38 alleles always reduced PM severity by 1.50-1.72.
The associated markers appeared to represent at least 10 different chromosomes based on the physical PN40024 reference sequence (Table 2) . To quickly test whether they genetically map to fewer loci, LD analysis was conducted. SNPs were genetically assigned to a chromosome if they were in significant LD with other markers on that chromosome (e.g., Fig. 4 ). For 11 of the 22 markers significantly associated with PM severity, the chromosomal placement from this LD analysis conflicted with the physical chromosomal assigned by alignment to the V. vinifera 'PN40024' reference genome ( Table 2 ). Markers that aligned to chromosome 20 were not considered to be conflicting, as this "chromosome" is a collection of sequence contigs that have not yet been placed on any of the 19 chromosomes in the reference genome. All 11 significant SNPs coming from 'Chardonnay' were found to be in LD with other markers on chromosome 9. For V. rupestris B38, 10 out of 11 SNPs were found to be in LD with chromosome 7 (Fig. 4) ; SNP S10_16893872 was not in LD with any chromosome (Supplementary material S3).
To test whether discrepancies between genetic position and alignment to the reference genome correspond to major material S4) . The vast majority of markers were in LD with markers on the same chromosome. No major blocks of rearrangements were observed either in QTL regions (linkage groups 7 and 9) or among other chromosomes for V. rupestris B38 or 'Chardonnay', but on every chromosome individual markers or small groups of markers were in LD with other chromosomes.
Linkage maps
Maps were constructed for V. rupestris B38 and 'Chardonnay' with 1,146 and 1,215 SNPs each, covering 1,645 and 1,967 cM, respectively. The size and number of markers for each LG are described in Table 3 . All significant markers (Table 2) were included in Joinmap 4.1 for linkage map construction, but five of 11 markers in V. rupestris B9 (S7_14758877, S20_17736100, S27_1104742, Table 2 are shown in Supplementary material S3 S27_1104824 and S10_16893872) and two of 11 markers in 'Chardonnay' (S9_10531863 and S15_5224226) were discarded by the regression mapping algorithm. Markers S20_23819240 and S16_11260842 were discarded due to duplication with markers S20_23819354 and S16_11260816, respectively.
QTL analysis
Using interval mapping, the susceptibility QTL from 'Chardonnay' was confirmed for two seasons (Fig. 5) . For V. rupestris B38, markers with significant scores from the single marker association test also had the highest LOD scores in interval mapping, but did not exceed the significance threshold. A summary of p values and LOD scores for markers associated with the significant loci at each time point is shown in Table 4 .
Discussion
In this work, we present the first application of GBS in a F 1 family from two highly heterozygous grapevines. QTL analysis was performed in two stages: First, SNPs generated by GBS were filtered based on their segregation ratio among the offspring and the percentage of missing data to develop a stringent set of 16,833 high quality SNPs distributed evenly across the genome for which single marker 18, 2011 (b) . Significance was calculated by permutation tests (10,000). X axis indicates SNP positions based on the linkage map. Significant markers S15_12704457, S2_790346, and S8_19258518 are genetically redundant and map with significant marker S8_19258484 and marker S13_8723867 was genetically redundant and map with significant marker S9_13661499. Redundant markers do not appear in this figure associations with PM severity could be tested. Later, linkage maps with 1,146 and 1,215 SNPs were generated for V. rupestris B38 and 'Chardonnay', respectively, and interval mapping was performed to corroborate association test results. Use of the single marker association test and interval mapping led to the identification of the first QTL for PM susceptibility in V. vinifera 'Chardonnay', located on chromosome 9. While single marker tests identified SNPs associated with PM resistance from V. rupestris B38, interval mapping LOD scores were below the significance threshold. The results presented here justify naming the novel QTL from 'Chardonnay' Sen1 (Susceptibility to Erysiphe necator 1).
SNP discovery, distribution and localization
One strategy to select SNPs that are useful molecular markers is to determine the parental genotypes based on deep sequencing of their libraries (Davey et al. 2011 ) and then use this information to select SNPs that segregate at the expected ratio. As an alternative approach, we conducted shallow sequencing of parents and progeny and followed a strategy of selecting SNPs based on the segregation ratio among the progeny. In this work, we analyzed only biallelic SNPs with MAF of 0.25 (±0.05), as a strategy for a simple and rapid selection of reliable markers. As a consequence, several potentially informative SNPs were not considered, including biallelic SNPs with segregation distortion or that are heterozygous in both parents, and tri-allelic or quadraallelic SNPs. The selection of the reference genome-based approach also limited the nature of the SNPs detected, as sequences from V. rupestris B38 with more than two polymorphisms from the reference genome were discarded at the alignment step. We favored the use of the referencebased pipeline to include all progeny in the analysis, as the non-reference pipeline (Lu et al. 2013 ) requires deeper reads to obtain similar results. Moreover, because LD extends for long blocks of the genome in a F 1 family, SNPs located in diverse regions that were excluded at the SNP calling stage could still be in linkage with nearby common regions. Despite these constraints, the conservative selection strategy used here proved to be sufficient to give a robust set of 17K markers with good coverage of the V. vinifera 'PN40024' reference genome. The 17K SNP set was distributed across the grapevine reference genome, covering the entire length of each chromosome, with an average density of 36 SNPs/Mbp (Fig. 3) . Distribution analysis of the number of SNP markers located within 500 kb bins showed a pattern of continuous variation with some outlier 500 kb bins with high numbers of SNPs and some 500 kb bins with few or no SNPs. Continuous distribution of the counts indicated that the RRL created with the enzyme ApeKI succeeded in reducing the complexity of the genome without introducing a significant positional bias of the SNPs. Outlier 500 kb bins could be a minimal source of error and may be explained by several factors, including: errors in the physical map of the grapevine reference genome; differences between the reference genome and parental genomes; and local enrichment of repetitive DNA for which reads would have been discarded (Fig. 3) . Table 4 Summary statistics for selected markers at the four most significant field evaluation dates A general lineal model was used to test for single marker associations with powdery mildew phenotype (−log(p value)) and interval QTL mapping was performed using the scanone function in R/QTL (LOD) a Marker name corresponds with chromosome location in the PN40024 reference genome. S20 markers have not been assigned to a chromosome, and S27 corresponds to unassembled portions of chromosome 7 b For single marker associations, the false discovery rate was controlled according to the Benjamini-Hochberg (BH) procedure c For interval QTL mapping, LOD was calculated using the HalleyKnott regression method. Significance thresholds (α = 0.05) were obtained by permutation tests (10,000) and correspond to 3.06, 3.04, 3.09 and 3.19 for PM evaluation on August 9 (2010), July 12 (2011), August 20 (2010) In this study, SNPs derived from NGS data were prone to errors associated with the complexity of the grape genome, reference genome errors or lack of representation, the sequencing technology, and the characteristics of the GBS protocol. Thus, reliable markers had to be filtered from among the initial collection of SNPs. Pooling samples in one sequencing lane lowers the read coverage for each SNP marker when compared with other genotyping strategies that use a single lane of NGS per sample (Myles et al. 2010) , leading to an increase in the amount of missing data. Successful application of GBS has been reported in homozygous lines of maize and barley (Elshire et al. 2011; Poland et al. 2012 ) but the implementation of this technique in the F 1 progeny of two heterozygous parents required new approaches, as the error rate increases when heterozygous markers are miscalled as homozygous if only one allele has been sequenced.
Construction of linkage maps
Due to Joinmap 4.1 restrictions on the maximum number of markers that can be analyzed, the 17K SNP set was filtered using a selection criterion of MAF between 0.2 and 0.3. As a result, markers with segregation distortion were discarded from linkage analysis; hence, it is not possible to distinguish if regions with low numbers of markers were due to genomic diversity or segregation distortion. Despite the presence of a 32 cM gap in LG 1 of the V. rupestris B38 map, these maps represent an improvement over current grapevine linkage maps (Adam-Blondon et al. 2004; Doligez et al. 2006; Di Gaspero et al. 2007; Mahanil et al. 2011; Wang et al. 2012) , with an average spacing between markers of 1.52 and 1.87 cM and average maximum spacing (per chromosome) of 11.0 and 12.2 cM for V. rupestris B38 and 'Chardonnay' maps, respectively. These results suggest possible chromosome locations for contigs of the random chromosome (here called 20) and unaligned portions of chromosome 7.
Single nucleotide polymorphisms obtained via the GBS approach showed the potential for high-throughput marker discovery and highlight the need for improvements in the creation of linkage maps, such as use of larger populations to resolve dense marker sets as well as better computational and statistical algorithms to phase, impute, order and genetically map larger sets of markers.
QTL for powdery mildew resistance
Quantitative trait loci were analyzed using two methods: Single marker association tests followed by LD analysis using the 17K SNP set, and interval mapping using parental linkage maps. In both methods, we found two loci associated with PM resistance or susceptibility, but with different levels of significance (Table 4) . The QTL Sen1, from 'Chardonnay', associated with susceptibility to PM, was confirmed by both methods.
For V. rupestris B38, the single marker association test resulted in 11 significant alleles (p value 0.047) associated with reduced PM severity. In interval mapping, LOD scores for this locus were below threshold (Table 4) , which is not surprising since the corrected (BH) p values from the single marker association test were already just marginally lower than α = 0.05. It is possible that either the elimination of 10 individuals reduced the statistical power of the test, or removed spurious associations. No major genes for resistance were found in either of the analyses, consistent with the quantitative segregation patterns observed (Fig. 1) . As a consequence, we hypothesize that V. rupestris B38 has a quantitative resistance to PM due the action of minor QTLs. The association of these minor loci with PM resistance needs to be confirmed with greater power and resolution. To this end, we are characterizing V. rupestris B38 resistance in additional F 1 families.
In 'Chardonnay', the single marker association test revealed 10 markers linked to increased PM severity during one evaluation period (August 18, 2011) with estimated allele effects between 1.39 and 1.58. Only one minor allele in repulsion with the other 10 significant minor alleles from 'Chardonnay' (S15_12704457, Supplementary material S2) was associated with reduced PM severity, with an estimated effect of −1.43 evaluated early in the season, on July 12, 2011. Interval mapping confirmed this susceptibility QTL but now on two evaluation dates: August 20, 2010 and August 18, 2011.
The use of a GLM for single marker association tests allowed for rapid screening of a dense SNP dataset, without a requirement for linkage maps. This GLM approach is particularly valuable as it can accommodate a larger number of markers than standard software used for linkage mapping. In the current study, many of the markers that significantly predicted powdery mildew severity would have been discarded by the filters we used to develop the genetic linkage map. Since we had already identified associated markers by GLM, we could add these back to the genetic linkage map to saturate the QTL regions. However, GLM should not be used alone, as it does not take into account population structure, or spurious individuals (e.g., pollen contamination or sample mix-up) that can have a large effect on the results. Therefore, interval mapping or a Mixed Linear Model needs to be used to confirm results.
Conflicts between reference genome alignment and genetic positions
Based on homology with the V. vinifera 'PN40024' reference genome, significant markers obtained with a GLM were initially assigned to locations on different chromosomes (Table 2) . We used LD (D′) to resolve this conflict and to assess the occurrence of major genome rearrangements. Analysis of LD of each individual marker against the whole set of SNPs from their parents revealed linkage to chromosome 7 for 10 of 11 significant SNPs from V. rupestris B38, and to chromosome 9 for all significant SNPs from 'Chardonnay' (Fig. 4, Supplementary  material S3) . The genetic position of SNP S10_16893872 from V. rupestris B38 was not possible to establish due to lack of LD with any other marker. Whole genome LD analysis for 3,502 SNPs from V. rupestris B38 and 4,631 SNPs from 'Chardonnay' confirmed overall linkage of markers within chromosomes, with no major rearragments in their genomes. A few markers in conflict with their physical alignment were observed in all chromosomes, indicating that this phenomenon is not specific to QTL regions. This suggests either rare errors in the V. vinifera 'PN40024' genome, genetic diversity between Vitis cultivars or species, or errors at the alignment step. Misalignment within the grapevine reference genome has also been found in other mapping populations (Wang et al. 2012 ) and differences within varieties of the same species has also been reported for other crops such as maize (Ganal et al. 2011) .
In this work, we present a high-resolution SNP map for a biparental family derived from the cross of V. rupestris B38 and 'Chardonnay'. Based on trait distribution, single marker association tests, and interval mapping, we found no evidence for qualitative inheritance of PM resistance, but we identified one moderate QTL for PM susceptibility, Sen1 from 'Chardonnay', which constitutes a novel source of PM susceptibility as it is located on a chromosome where no grapevine-PM interaction loci have been described previously. Higher statistical power would be needed to identify remaining QTLs with small effects.
These results present new tools for grapevine MAS. A high-resolution SNP set and dense linkage maps across the entire grapevine genome could be useful for retaining the V. vinifera background during the introgression of traits from non-cultivated relatives. In addition, GBS proved to be a useful method for high-throughput genotyping in heterozygous hybrid crosses, and its application in MAS could allow simultaneously genotyping of major, moderate or minor effect QTLs, such as Sen1 presented here, to develop long-lasting PM tolerance.
